A ROP GTPase Signaling Pathway Controls Cortical Microtubule Ordering and Cell Expansion in Arabidopsis  by Fu, Ying et al.
Current Biology 19, 1827–1832, November 17, 2009 ª2009 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2009.08.052
Report
A ROP GTPase Signaling Pathway
Controls Cortical Microtubule Ordering
and Cell Expansion in ArabidopsisYing Fu,1,2,* Tongda Xu,2 Lei Zhu,1 Mingzhang Wen,2,3
and Zhenbiao Yang2,*
1State Key Laboratory of Plant Physiology and Biochemistry,
Department of Plant Sciences, College of Biological Sciences,
China Agricultural University, Beijing 100193, China
2Center for Plant Cell Biology, Department of Botany and Plant
Sciences, University of California, Riverside, Riverside,
CA 92521, USA
Summary
Cortical microtubules (MTs) participate in the spatial control
of cell expansion and division that is required for plant
growth and morphogenesis. Well-ordered transverse cor-
tical MTs promote cell elongation and restrict radial cell
expansion [1, 2]. The molecular mechanism controlling their
ordering is poorly understood. We report the first known
signaling pathway that promotes the organization of cortical
MTs into parallel arrays oriented perpendicular to the axis of
cell elongation in plants. Well-ordered MTs locally restrict
cell expansion to promote indentation formation in the
jigsaw-puzzle-shaped pavement cells of Arabidopsis leaves
[3, 4]. Deleting ROP6, a Rho-family GTPase, randomized
cortical MTs and released the localized restriction of cell
expansion, whereas ROP6 overexpression enhanced MT
ordering, turning the jigsaw-puzzle appearance of cells
into a cylindrical shape. ROP6 directly binds and activates
MT-associated RIC1 to achieve the MT ordering. The ROP6-
RIC1 pathway also affects MT ordering of hypocotyl cells,
showing a broad role for this pathway in the spatial regula-
tion of cell expansion.
Results and Discussion
Well-ordered cortical microtubules (MTs) are believed to
restrict cell expansion to the direction perpendicular to their
dominant orientation. Accordingly, transversely arranged
MTs are important for cell elongation and plant growth along
the apical-basal axis, whereas cells grow isotropically with
cortical MTs arranged randomly. Several MT dynamic behav-
iors, including angle-dependent modification of sustained
treadmilling, rotary movement, and polar coalignment caused
by selective stabilization, have been suggested to regulate
cortical MT ordering [5–8]. Furthermore, a number of MT-asso-
ciated proteins (MAPs), e.g., RIC1, SPR1/SKU6, and SPR2, are
known to affect the orientation of cortical MTs [3, 9, 10].
However, how these MT behaviors and MAPs are linked to
developmental and environmental signals that control the
ordering of cortical MTs remains mysterious.
We use the Arabidopsis leaf epidermal pavement cells (PCs)
with their jigsaw-puzzle appearance as a model system to
investigate signaling mechanisms regulating the organization
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Chinaof the cytoskeleton in plants [2–4, 11–13]. In PCs, ordered
cortical MTs are associated with indenting regions of PCs
and are excluded from the protruding region that contains
fine cortical actin microfilaments (MFs). We recently showed
that ROP2 and ROP4, Arabidopsis members of the conserved
Rho GTPase family [14–16], promote the protrusion by acti-
vating the localized actin accumulation and inhibiting MT orga-
nization by inactivating the microtubule-associated RIC1
protein in Arabidopsis PCs [3, 4]. In the indenting region, the
ordering of cortical MTs is activated by RIC1, which belongs
to the RIC (ROP-interactive CRIB motif-containing proteins)
family of ROP effector proteins that interact with the active
form of ROPs through the CRIB motif [3, 17]. In this report,
we demonstrate that RIC1’s function in promoting MT ordering
is activated by another Rho family GTPase, ROP6.
We speculated that, as a ROP effector protein, RIC1 must be
activated to promote MT organization by one of the 11 ROP
GTPases in Arabidopsis. We anticipated that a loss-of-func-
tion mutant for a RIC1 activating ROP would mimic ric1
knockout mutants, and we analyzed available Arabidopsis
rop knockout mutants for PC-shape phenotype. Indeed, a
ROP6 null mutant, rop6-1, resulting from a T-DNA insertion
into the sixth exon, exhibited a phenotype similar to that of
the ric1-1 knockout mutant. Lateral cell expansion in the
indentation regions of PCs was significantly increased in
rop6-1, which resulted in wider PC necks (Figures 1A, 1B,
and 1D; see Figure S1A available online). To confirm that the
wider neck region was due to the absence of ROP6, we trans-
formed GFP-ROP6 driven by the ROP6 promoter into rop6-1.
Several lines with a GFP-ROP6 transcript level similar to that
of wild-type ROP6 indeed showed the same PC shape as the
wild-type (Figure S2). Furthermore, ROP6 overexpression
strongly inhibited lateral expansion of both lobes and indenta-
tions, as does RIC1 overexpression [3], which causes PCs to
lose the intercalating jigsaw-puzzle appearance (Figure 1C;
Figure S3). Thus, ROP6 plays an important role in restricting
lateral cell expansion, as does RIC1 [3]. PCs of the rop6-
1;ric1-1 double mutant showed a phenotype identical to that
of the ric1-1 or rop6-1 single mutant (Figures 1A, 1B, and 1D;
Figure S1A), which provides genetic evidence that ROP6 and
RIC1 act in the same pathway.
We next visualized MTs by using GFP-tagged tubulin to
investigate whether ROP6, like RIC1, affects the organization
of cortical MTs (Figure 2A) [3, 4, 18]. Similar to young ric1-1
cells, young rop6-1 cells (stage I) contained fewer cortical
MTs than the wild-type (Figure 2A) [3]. Both rop6-1 and
ric1-1 cells at stage II had more randomly oriented cortical
MTs and fewer MT bundles than wild-type cells. Immunostain-
ing with anti-tubulin antibody revealed a similar MT organiza-
tion pattern in fixed rop6-1 PCs (Figure 2B). As in RIC1-overex-
pressing cells, ROP6-overexpressing PCs (ROP6-3) exhibited
nearly all cortical MTs highly ordered in the orientation trans-
verse to the axis of cell elongation (Figure 2B). These results
also support the hypothesis that ROP6 and RIC1 function in
the same pathway to promote the ordering of cortical MTs
and to spatially control cell expansion.
To further test this hypothesis, we analyzed the organization
of fine cortical MFs in PCs altered in ROP6 expression, given
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suppresses the accumulation of this MF population activated
by the ROP2 pathway [3]. Transiently expressed GFP-mTalin
was used to visualize the fine MFs in stage I and II PCs [3, 4].
Fluorescent aggregates of GFP-mTalin (indicated by arrow-
heads in Figure S4) are usually associated with lobe regions
of the cell cortex in wild-type cells [3, 4]. We found that this
population of fine MFs was greatly reduced in 87% (n = 31)
of the ROP6-overexpressing cells (ROP6 OX-3 stage I and II
cells), as we previously observed in RIC1-overexpressing cells
[3, 4]. In contrast, in rop6-1 cells (stage I and II), 81% (n = 47)
Figure 1. Genetic Analyses Indicate that ROP6 and RIC1 Act in the Same
Pathway to Promote the Formation of Narrow Necks in Pavement Cells
(A) Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of
ROP6 transcript levels in wild-type (WS), rop6-1, rop6-1;ric1-1, ric1-1 (in
WS background), wild-type (Col), and ROP6- and RIC1-overexpressing
lines (ROP6-3 and RIC1-3, in Col background).
(B) Pavement cell shapes of WS, rop6-1, ric1-1, and rop6-1;ric1-1 double
mutants.
(C) Pavement cell shapes of Col, ROP6-3, and RIC1-3 mutants.
(D) Quantitative analysis of neck widths for WS, rop6-1, ric1-1, and rop6-1;
ric1-1 double mutants. The differences in neck widths between WS and
other mutants or double-mutant line were significant (p < 0.05, t test), with
no significant difference between the rop6-1;ric1-1 double mutant and
rop6-1 or ric1-1 single mutant. In each line, a total ofw250 cells from three
seedlings were measured. The cartoon on the right illustrates how the neck
width was measured. All data are means 6 standard deviation.exhibited ectopic localization of GFP-mTalin aggregates in
the indenting region of the cell cortex, similar to ric1-1 cells
with 81% (n = 23) exhibiting the ectopic GFP-mTalin localiza-
tion (Figure S4).
We then used fluorescence resonance energy transfer
(FRET) analysis to determine whether ROP6 and RIC1
Figure 2. ROP6 Promotes the Organization of Cortical Microtubules into
Highly Ordered Parallel Arrays in Pavement Cells
(A) Cortical microtubules (MTs) in pavement cells in late stage I (left panel)
and late stage II (right panel) from wild-type (WT), rop6-1, and ricl-1. MTs
were visualized by use of stably expressed tubulin-GFP [18]. MTs in rop6-1
and ric1-1 cells were less ordered and bundled than those in wild-type
cells.
(B) Immunolocalization of cortical MTs by use of anti-tubulin antibody
confirms the presence of more randomly arranged cortical MTs in rop6-1
cells in comparison to wild-type cells and also confirms that ROP6 overex-
pression (ROP6-3) promotes the formation of highly ordered transverse MTs
aligned perpendicularly to the length of cells. Arrows indicate ordered trans-
verse MTs in the neck regions of WT cells.
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1829Figure 3. ROP6 Physically Interacts with RIC1
In Vivo and Is Preferentially Localized to the
Indenting Region of the Plasma Membrane
(A) Fluorescence resonance energy transfer
(FRET) analysis was performed in pavement cells
expressing CFP-RIC1 (pseudocolored green)
and YFP-ROP6 or YFP-DN-rop6 (pseudocolored
red). The pseudocolor scale was used to indicate
the FRET signal intensity. The image under the
pseudocolor scale indicates the region of the
cell where the fluorescence intensity was
measured.
(B) Quantitative analysis of FRET efficiency. See
Supplemental Experimental Procedures for cal-
culation of FRET efficiency. All data are means6
standard deviation.
(C) GFP-ROP6 coimmunoprecipitated with RIC1.
Proteins isolated from a GFP-ROP6 transgenic
line were immunoprecipitated with an anti-GFP
antibody and analyzed by western blotting with
an anti-RIC1 antibody. Anti-GFP immunoprecipi-
tates from wild-type plants and plants expressing
GFP alone did not contain RIC1 protein.
(Da–Dc) Subcellular localization of GFP-ROP6
and GFP-ROP2 and the quantitative analysis.
(Da) Pavement cells of transgenic lines express-
ing GFP-ROP6 or GFP-ROP2 were analyzed by
confocal microscopy. Both GFP-ROP6 and GFP-
ROP2 were localized to the plasma membrane
(PM) (left and middle panel). Right panel shows
magnified images taken from single optical
sections near the midplane in boxes 1 and 2 of
left and middle panel (projected from stacks of
Z series optical sectioning). Fluorescence inten-
sity of GFP-ROP6 was higher in the indenting
neck region (arrowhead) than in the complemen-
tary lobe tip (arrow) of the neighboring cell.
In contrast, GFP-ROP2 shows preferential locali-
zation to the lobe tip (arrow).
(Db) Scatter chart of the ratio of fluorescence
intensity (indenting neck/neighboring lobe).
Blue diamonds represent the ratio of fluores-
cence intensity in the indenting neck to that in
the lobes in the GFP-ROP2 line, and pink squares
represent the ratio in cells expressing GFP-
ROP6.
(Dc) The column graph shows the mean ratio of
fluorescence intensity (indenting neck/neigh-
boring lobe). The mean indentation-to-lobe ratio
of fluorescence intensity in the GFP-ROP2 line
was 0.93 6 0.13 (n = 100), and the mean indenta-
tion-to-lobe ratio of fluorescence intensity in the GFP-ROP6 line was 1.226 0.22 (n = 102). The difference between GFP-ROP2 andGFP-ROP6 lines is signif-
icant (p < 0.05, t test). All data are means 6 standard deviation.
(E) Transiently expressed GFP-RIC1 showed association with cortical MTs in wild-type (WT) cells. In WT, GFP-RIC1 was localized to both cortical MTs and
other parts of the cell cortex (arrowhead) in young stage I cells but was mostly associated with cortical MTs in stage II or later. GFP-RIC1 was particularly
enriched in indenting regions in these cells. In the rop6-1 line, GFP-RIC1 was sparsely associated with cortical MTs but was highly enriched in the cortex of
lobe regions (arrows) (this pattern was found in 71% [n = 42] of rop6-1 cells examined).physically interact with each other in vivo. Strong FRET signals
at the plasma membrane (PM) (or the cortical region close to
the PM) were detected when CFP-RIC1 and YFP-ROP6 were
coexpressed in rop6-1;ric1-1 double mutant cells (Figures 3A
and 3B). Consistent with RIC1 being an effector of ROP6,
CFP-RIC1 did not interact with a YFP-tagged inactive form of
ROP6 (YFP-DN-rop6). The interaction between ROP6 and
RIC1 was also confirmed by yeast two-hybrid assay (data
not shown). To confirm the in vivo interaction between ROP6
and RIC1, we conducted coimmunoprecipitation with the
transgenic line expressing GFP-ROP6 in rop6-1. As shown in
Figure 3C, GFP-ROP6 immunoprecipitates (with anti-GFP anti-
body) indeed contained RIC1 protein (detected with anti-RIC1antibody), but those of transgenic plants expressing GFP
alone did not.
If ROP6 acts in the RIC1 pathway to promote MT ordering,
we would expect ROP6 to preferentially localize to the indent-
ing regions of PCs. We examined ROP6 localization in the
rop6-1 mutant expressing GFP-ROP6 driven by the ROP6
promoter. We expected GFP-ROP6 localization to reflect
that of native ROP6, because GFP-ROP6 fully complements
the rop6-1 knockout mutant (Figure S2). As shown in Fig-
ure 3Da, GFP-ROP6 was localized exclusively to the PM.
Because the PM regions between neighboring cells are sepa-
rated by a thin cell wall, it is difficult to optically separate these
two membranes containing GFP-ROP6 fluorescence in the
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1830tangential side of the two contacting cells. However, the
surfaces of leaf pavement cells are not completely flat, and
thus we were able to identify an optical section with a separa-
tion between the membranes of two adjacent cells from Z
serials of optical sections. This optical section was just above
the top optical section, with no observable spatial separation
between the membranes of the two adjacent cells. We gener-
ally measured two to three regions per cell and a total of 100
regions for each line. When we measured GFP-ROP6 signal
in the indenting and protruding regions from the same cell,
we found stronger GFP-ROP6 localization in the indenting
regions than in the protruding lobes; the mean indentation-
to-lobe ratio of fluorescence intensity was 1.24 6 0.28 (n =
52). Preferential ROP6 localization to the indenting region
Figure 4. Both ROP6 and RIC1 Spatially Regulate Cell Expansion and the
Organization of Transversely Oriented Parallel Cortical Microtubules in
Hypocotyl Cells
(A) Hypocotyl epidermal cells in ric1-1 and rop6-1 lines are wider than wild-
type cells.
(B) Quantitative analysis of mean cell widths in wild-type (WT), ric1-1, and
rop6-1 lines, with significant differences in widths between WT and ric1-1
or rop6-1 (p < 0.05, t test). The mean width of rop6-1 cells appeared slightly
narrower than that of ric1-1 cells, but the difference was not significant
(p > 0.05, t test). In each line, a total of more than 100 cells from three seed-
lings was measured from the region, about 250 mm to 750 mm away from the
root-hypocotyl junction.
(C) Stably expressed GFP-tagged tubulin revealed the MT organization in
hypocotyl cells. ric1-1 and rop6-1 were backcrossed with a a-tubulin-GFP
transgenic line three times to clean the background. Transverse MTs were
dominant in cells from 7-day-old WT seedlings. However, less bundled
and thinner MTs tended to form oblique and vertical arrays in ric1-1 and
rop6-1 mutant cells.was also found between the complementary indenting (arrow-
head) and outgrowing (arrow) regions of neighboring cells (see
box 1 in Figure 3Da; Figures 3Db and 3Dc); the mean indenta-
tion-to-lobe ratio of fluorescence intensity was 1.226 0.22 (n =
102). Conversely, GFP-ROP2 was preferentially localized to
the lobe region [4] (see arrow in box 2 in Figure 3Da). The
mean indentation-to-lobe ratio of GFP-ROP2 within the same
cell was 0.91 6 0.1 (n = 61). As shown in Figure 3Da (box 2)
and in Figures 3Db and 3Dc, the preferential localization of
ROP2 to the outgrowing region was also observed between
the complementary outgrowing and indenting regions of the
neighboring cells; the mean indentation-to-lobe ratio of GFP-
ROP2 was 0.93 6 0.13 (n = 100). These results suggest that
ROP2 and ROP6 are spatially regulated to coordinate the
development of outgrowing and indenting regions, respec-
tively. The opposing roles for these two ROPs are interesting,
given that they belong to the same clade of the ROP family [14].
The distinct subcellular localization patterns, which might be
determined by the hypervariable C-terminal region [14], might
account for their distinct functions. In the outgrowing region,
ROP2 promotes lobe formation by activating RIC4-dependent
accumulation of fine MFs and inactivating RIC1 by seques-
tering it from cortical MTs [3, 4], whereas in the indenting
region, ROP6 might activate RIC1 by promoting its association
with cortical MTs.
We further tested whether ROP6 activates RIC1 to promote
MT ordering by analyzing RIC1 localization in the rop6-1
knockout mutant. In wild-type young cells (stage I), GFP- or
YFP-RIC1 was distributed in both PM and cortical MTs, and
in stage II or later cells, RIC1 was mostly associated with
MTs [3] (Figure 3E). GFP- or YFP-RIC1 was sparsely associ-
ated with cortical MTs and exhibited diffuse fluorescence
(usually associated with lobes) in approximately 71% (n = 42)
of rop6-1 cells (Figure 3E). The ROP6-dependent MT associa-
tion of RIC1 was further confirmed by RIC1 immunostaining.
Similar to GFP-RIC1, in wild-type cells, anti-RIC1-stained
native RIC1 was localized as dots along cortical MTs [3], espe-
cially enriched in the indentation region where thick transverse
MT cables are located, but was found enriched in the cortex of
the lobe tip in rop6-1 PCs (Figures S5A and S5B). The loss of
RIC1 association with cortical MTs was not due to absence
of cortical MTs in rop6-1 cells, because cortical MTs, although
less abundant and less organized, were clearly present in the
rop6-1 PCs, as shown by immunostaining or tubulin-GFP (Fig-
ure 2B; Figure S5A). These results indicate that on direct inter-
action with active ROP6, RIC1 associates with cortical MTs, at
which point it promotes MT ordering. Taken together, these
results show that ROP6 directly activates the association of
RIC1 with cortical MTs and RIC1’s function in MT ordering,
constituting a signaling pathway leading to the organization
of cortical MTs into transversely ordered parallel arrays in PCs.
Transversely oriented MT arrangement is thought to allow
anisotropic cell expansion preferentially in the direction
perpendicular to the MTs, a process essential for plant devel-
opment and morphogenesis. We next tested whether the
ROP6-RIC1 pathway plays a role in the spatial regulation of
this anisotropic cell expansion in hypocotyls. Knocking out
ROP6 or RIC1 resulted in significantly wider cells (p < 0.05)
(Figures 4A and 4B; Figure S1B), whereas overexpression of
ROP6 or RIC1 significantly reduced the width of hypocotyls
cells, by 15% (30.36 4.5 mm, n = 130) and 28% (25.66 2.5 mm,
n = 120), compared to wild-type cells (35.4 6 5.1 mm, n = 140),
respectively. Furthermore, MT organization was affected in the
hypocotyl epidermal cells of ric1-1 and rop6-1. Approximately
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seedlings displayed well-ordered transverse cortical MTs
parallel with each other and perpendicular to the direction of
cell elongation (Figure 4C). In 36% of wild-type cells, some-
what oblique (33%) or occasionally longitudinal (3%) but
well-ordered MT arrays were observed. Only 6% of wild-type
cells contained randomly oriented MTs. In most of the ric1-1
or rop6-1 cells, however, cortical MTs tended to be less
bundled and oriented more obliquely and sometimes vertically
compared to MTs in wild-type cells (Figure 4C). Approximately
39% of ric1-1 cells (n = 87 from eight 7-day-old seedlings) con-
tained random cortical MT arrays. Well-ordered oblique or
longitudinal MT arrays were found in 32% or 26% of the ric1-1
cells, respectively. Transverse MTs were only found in 2% of
the ric1-1 cells. Similarly, among rop6-1 cells (n = 56 from
five 7-day-old seedlings), 41% of the cells had randomly
oriented MTs, and well-ordered oblique or longitudinal MTs
were found in 29% or 23%, respectively. Only 7% of cells
exhibited transverse MT arrays. The regulation of MT orienta-
tion involves rotary movements of cortical MT arrays [5–8], and
thus ROP6 and RIC1 might participate in this regulation in
hypocotyls. Taken together, our results clearly indicate that
the ROP6-RIC1 pathway restricts radial or lateral cell expan-
sion both in elongating cells and in PCs with more complex
spatial control by activating the ordering of cortical MT arrays.
Our findings reveal the first known signaling pathway that
promotes the organization of cortical MTs into parallel arrays
oriented perpendicular to the axis of cell elongation in plants.
The ROP6-RIC1 pathway acts to restrict cell expansion in
the direction parallel to the orientation of MT arrays. Overex-
pression of RIC1 or ROP6 turns less ordered cortical MTs
into highly ordered transverse cortical MTs, consequently
changing wavy pavement cells into elongated cells with
straight outlines, which demonstrates that the ordering of
cortical MTs that is activated by the ROP6-RIC1 pathway is
clearly important for the spatial control of cell expansion.
This is consistent with the hypothesis that cortical MTs guide
the cellulose synthase and microfibril arrangements, which
subsequently determine the spatial pattern of cell expansion
[1, 9, 19–25]. However, the rop6 or ric1 knockout mutants,
though lacking transversely ordered cortical MTs, did not
exhibit isotropic cell expansion, which typically results from
severe disruption of cortical MTs induced by chemical treat-
ments or mutations in genes required for the formation of
cortical MTs. In agreement with the finding that the orientation
of cellulose microfibrils does not necessarily correlate with
well-ordered cortical MTs [26], this observation suggests
that one or more other populations of cortical MTs that are
not ordered transversely and are ROP6-independent may
also play an important role in the spatial control of cell expan-
sion in the absence of the highly ordered cortical MTs.
Our FRET analysis suggests that RIC1 interacts with ROP6
at the PM, whereas RIC1 is found to be associated with cortical
MTs as puncta. How could RIC1 activation by ROP6 at the PM
induce RIC1 association with cortical MTs as puncta? At least
two possible mechanisms can explain these observations:
(1) a transient interaction of RIC1 with active ROP6 alters
RIC1 conformation, causing RIC1 to be translocated to MTs,
or (2) alternatively, RIC1 association with ROP6 could induce
RIC1 modification such as phosphorylation.
Our results demonstrate a surprising conservation of the
signaling mechanism regulating the organization of MTs
across plant and animal kingdoms, given how the plant MT
nucleation and dynamics behaviors differ from those in animalcells [27, 28]. Rho-family GTPases promote MT organization
by regulating the orientation of the MT organization center
and MT stability directly through their effector proteins such
as mDia proteins [3, 29]. An interesting future question is
how the ROP6 effector protein RIC1 controls the organization
of cortical MTs into transversely arranged parallel arrays.
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